INTRODUCTION
In the first study of this series examining MMA-TBB resin, we found that postpolymerization characteristics of PMMA/MMA resin initiated by tributylborane (TBB) was quite unique and different compared with that chemically initiated by benzoyl peroxide/N, N-dimethyl-p-toluidine (BPO/DMPT) and that light-initiated by camphorquinone/N, N-dimethyaminoethyl methacrylate (CQ/DMAEMA)1). In relevance to the uniqueness of TBB, Houga found that the amount of residual MMA contained in a polymerized PMMA/MMA resin decreased significantly by the dual use of TBB and BPO/N, N-bis (2-hydroxyethyl)-p-toluidine compared with the single use of each initiator during a 24-hr period2). Therefore, it was of interest to study the effect of the dual use of TBB and the other initiators on the postpolymerization of PMMA/MMA resin.
In the present study, we examined the effects of the dual use of TBB and BPO/ DMPT or CQ/DMAEMA, as well as BPO/DMPT and CQ/DMAEMA for comparison purposes, on the postpolymerization of PMMA/MMA resin from the aspects of long term changes of residual MMA and molecular weight.
MATERIALS AND METHODS

Materials
MMA, TBB, BPO, DMPT, CQ, DMAEMA, and PMMA were as reported previously1).
Resin formulations were as follows: powder was PMMA alone or with 1% BPO added, liquid was MMA added with 3% TBB (which was added immediately before mixing the two components) or 1% DMPT and 3% TBB or 0.5% CQ, 0.5% DMAEMA and 3% TBB and a powder/liquid ratio of 150mg powder per 75mg liquid. The resin codes and compositions are given in Table 1 . The concentrations of BPO, DMPT, CQ, and DMAEMA were as used previously1). The concentration of 3% TBB was used since the use of 3% TBB in combination with BPO/amine initiator was reported to be significantly effective in promoting the polymerization of PMMA/MMA resin2). RESULTS AND DISCUSSION Table 2 shows the comparison of residual MMA (RM) and weight average molecular weight (Mw) at 30min, 24hr, 1 and 4 weeks for TBB and BPO/TBB resins as well Table 2 Changes in the means of residual MMA and weight average molecular weight (Mw) with time after polymerization as well as the residual MMA decreasing rate constant for BPO, TBB, and BPO/TBB resins as BPO resin, whose finding were quoted from the previous study1). RM was significantly lower at all periods for BPO/TBB resin than for BPO and TBB resins. RM tended to decrease with time for the three resins. However, the pattern of temporal change of RM was different between the resins. While RM for TBB resin decreased with time after polymerization with a significant difference during the 30min-4 weeks period, RM for BPO and BPO/TBB resins decreased significantly during the 30 min-24hr period but remained unchanged during 1-4 weeks. RM decreased during the 30min-4 weeks period by 58%, 62%, and 87% and the RM decreasing rate constant (k) was 0.12, 0.14, and 0.28 for BPO, TBB, and BPO/TBB resins, respectively. The rate constant was about 2-fold larger for BPO/TBB resin than for BPO and TBB resins. These results suggest that TBB used in combination with BPO/DMPT was significantly effective in decreasing RM and increasing the rate of postpolymerization of the resin. The promotion of postpolymerization appeared additive in nature since the k value of 0.28 for the dual system was close to 0.12 (BPO resin) plus 0.14 (TBB resin). period and the subsequent long term postpolymerization period, respectively. Further evidence for this will be provided partly from the comparison of the molecularr weight distribution curves. Fig. 1 shows the changes of molecular weight distribution curves with time for TBB and BPO/TBB resins along with CQ/TBB and BPO/CQ resins. The curve for TBB resin demonstrated a clear two-peak pattern at 30min and the fraction over 106 was significantly large. A possible mechanism of the formation of the high molecular weight PMMA leading to the two peak pattern may be as follows as discussed previously1). The TBB used in the present study has two active boron-carbon bonds capable of producing initiating radicals. Therefore , one or two polymer chains may be combined to one TBB molecule, resulting in a two-peak pattern.
In contrast, the curve for BPO/TBB resin was a simple one-peak pattern and the fraction over 106 was small. If the TBB initiator had a significant contribution to polymerization during the initial period, the curve would have a shoulder at a high molecular region or the fraction greater than 106 would increase significantly . However, this was not the case. Accordingly, the BPO/DMPT system appeared to play a predominant role during the initial period.
Considering the above results together, it was suggested that the effect of dual use of the TBB and BPO/DMPT systems was additive in nature.
This means that each initiator system worked rather independently without interaction between the two. This will be expected because TBB requires only oxygen to generate initiating radicals and therefore will not interact with BPO and DMPT. Table 3 shows the comparison of RM and Mw for CQ, TBB, and CQ/TBB resins at the specified time after polymerization.
RM was significantly lower at all the periods for CQ/TBB resin than for CQ and TBB resins. RM tended to decrease with time for the three resins. However, the pattern of temporal change of RM was different between the resins.
RM for CQ resin decreased significantly during the 30 min-24hr period but remained unchanged during 1-4 weeks. RM for TBB resin decreased significantly with time up to 4 weeks. RM for CQ/TBB resin decreased significantly during the 30min-24hr period and remained unchanged during the 24hr-4 weeks.
RM decreased during 30min-4 weeks by 26%, 62%, and 72% and the RM decreasing rate constant (k) was 0.04, 0.14, and 0.17 for CQ, TBB, and CQ/TB, respectively. Low reduction of RM for CQ resin was natural since the resin was lightpolymerized for 5min, but thereafter was not exposed to light and therefore little generation of initiating free radicals was expected. The dual use of CQ/DMAEMA and TBB was significantly effective in decreasing RM and promoting postpolymerization of the resin. CQ/DMAEMA and TBB contributed much to the polymerization of the resin at the initial and later time periods, respectively. The promotion of postpolymerization appeared additive because the k value of 0.17 for CQ/TBB resin was nearly equal to 0.04 (CQ resin) plus 0.14 (TBB resin).
Mw at 30min was significantly lower for CQ/TBB resin than for the other two resins. Mw decreased during the 24hr-4 weeks period by 1%, 10%, and 20% for CQ, TBB, and CQ/TBB resins, respectively. This suggested that the Mw decrease during this period was minimal for CQ resin and extensive for TBB and CQ/TBB resins. It appeared, therefore, that the CQ/DMAEMA and TBB systems had major effects on the molecular weight during the initial period of polymerization and the subsequent postpolymerization period, respectively. The significant reduction in Mw for the dual system at 30min would be due to the rapid generation of large amounts of free radicals from CQ/DMAEMA since the molecular weight of polymer produced by polymerization is, in general, inversely proportional to the concentration of the initiating radicals3). The generation of large amounts of initiating radicals could be facilitated by the presence of TBB because oxygen, which presents in the polymerizing resin and is a polymerization inhibitor, can be scavenged by TBB, which requires oxygen to produce the initiating radicals.
The results for the dual use of the TBB and CQ/DMAEMA systems could be summarized similarly as described above for the TBB and BPO/DMPT systems: Each initiator system worked rather independently and additively with little interaction between the two. Table 4 shows the comparison of RM and Mw for BPO, CQ, and BPO/CQ resins. RM at 30min for BPO and CQ resins were similar but significantly higher than that for BPO/CQ resin. However, RM during 24hr-4 weeks was always lowest for BPO resin, highest for CQ resin and in-between for the dual system. RM decreased during 30min-4 weeks by 58%, 26%, and 28% and the RM decreasing rate constant was 0.12, 0.04, and 0.05 for BPO, CQ, and BPO/CQ resins, respectively. These findings could be summarized as follows: RM for BPO/CQ resin was significantly lower during the initial period but its RM decrease with time was similar to that for CQ resin and smaller than that for BPO resin. This suggested that the BPO/DMPT system used with CQ/DMAEMA had a limited effect only during the initial period and little effect during the later period. This could be expected because DMPT used with BPO is also an effective reducing agent for CQ. Therefore, larger amounts of free radicals could be produced by DMAEMA and DMPT during light polymerization, leading to lower RM. However, when little DMPT remained, polymerization by BPO could no longer be expected.
The formation of larger amounts of initiating radicals during the initial period was also revealed from molecular weight measurements.
The Mw for BPO/CQ resin was significantly lower than that for BPO and CQ resins. In general, lower Mw corresponds to higher concentrations of initiating radicals, as discussed above. Therefore, BPO/CQ resin appeared to produce more initiating radicals during the initial period than BPO and CQ resins.
Considering the above results together, it was suggested that the BPO/DMPT system used in combination with CQ/DMAEMA played a more marked role only during the initial period and little role during postpolymerization. 
CONCLUSIONS
The dual initiator systems using TBB were quite different compared with a popular dual system consisting of chemically accelerated and light-activated initiators. The effect of dual use of TBB and BPO/DMPT or CQ/DMAEMA on polymerization of PMMA/MMA resin was additive in nature and each initiator system worked rather independently with little interaction between the two. TBB was effective especially during the period of postpolymerization.
On the other hand, BPO/DMPT used in combination with CQ/DMAEMA had a limited effect only during the initial period and little effect during postpolymerization.
Thus, it was suggested that TBB was most suitable as a chemically accelerated initiator component for a dual cure system.
